The concentration of osmotically acthve solutes in the cell wall free space of young stem tissues was studied using a variety of extraction methods. When the intercellular air spaces of etiolated pea (Piswm sauivwm L.) internodes were perfused with distilled H20, the resulting solion contained a solute concentration of about 70 miliosmoles per kiogram. A second procedure involving vacuum infiltration of segments followed by centrifugation to coDlect the free space solution gave similar results. Apical stem segments yielded free space extracts about twice as concentrated as those from basal portions of the stem. After correcting for dilution of the free space solution by the infiltrated water, the osmotic pressure of the undiluted free space in pea stem tissue was estimated to be 2.9 bars for apical segments, Wayne) seedlings were grown in wet vermiculite in complete darkness at 27 ± 1 C and low RH (20-500o, not controlled). Plants were handled under dim green light obtained from a 40-w cool-white fluorescent lamp filtered through one amber and two green acetate filters (Roscolene No. 813 and No. 874; Roscoe, Port Chester, NY). Seedlings 6 to 8 cm tall were selected for experimentation; all subsequent operations were performed in the light. In some cases, pea seedlings were carefully removed from the vermiculite, the cotyledons excised with a new razor blade (under dim green light), and the seedlings replanted in vermiculite to grow for 2 d more in complete darkness.
In plant tissues at osmotic equilibrium, the I3 of water in the FS of the tissue will be the same as that of water inside the cells. Within cells, I may be dissected into two components: the hydrostatic pressure (turgor pressure) and s'. In the extracellular space, I may similarly be divided into rCW and a hydrostatic pressure term4. In relatively dry plant tissues, water in the cell wall space may be under a significant tension (sometimes termed negative hydrostatic pressure) due to surface tension effects at air-water interfaces within the wall space. Under such conditions, ¶TW will be a relatively insignificant component of I. However wetter conditions, sCW may become the dominant term for I of the FS. A tacit assumption in many studies ofplant water relations is that "CW is negligible (3, 23) . However, a few quantitative investigations indicate that 7rCW in leaf tissues may be in the range of 1 to 2 bars (1, 10) . Knowledge of the quantity and identity of FS solutes is important not only for an understanding of plant water relations, but is equally important for studies of nutrient transport (8, 12) , host-pathogen relations (9) , the electrophysiology of cell membranes (10) , and the physical chemistry of cell walls (21) .
In this investigation, we have extracted solutes from the cell, wall FS ofetiolated stems ofpea, soybean, and cucumber seedlings by three different techniques (forced perfusion, infiltration followed by centrifugation, and expression of fluid by the pressure bomb technique). We find significant rCwU values, which are higher in apical than in basal regions of the stem. These findings have important ramifications for studies of the hydraulic resistances of plant tissues.
MATERIALS AND METHODS
Plant Material. Pea (Pisum sativum L. cv Alderman), cucumber (Cucumis sativus L. cv Burpee's Pickler), and soybean (Glycine max [L.] Merr. cv Wayne) seedlings were grown in wet vermiculite in complete darkness at 27 ± 1 C and low RH (20-500o , not controlled). Plants were handled under dim green light obtained from a 40-w cool-white fluorescent lamp filtered through one amber and two green acetate filters (Roscolene No. 813 and No. 874; Roscoe, Port Chester, NY). Seedlings 6 to 8 cm tall were selected for experimentation; all subsequent operations were performed in the light. In some cases, pea seedlings were carefully removed from the vermiculite, the cotyledons excised with a new razor blade (under dim green light), and the seedlings replanted in vermiculite to grow for 2 d more in complete darkness.
Osmotic Pressure of FS (e). The solution which makes up the cell wall FS was collected by three different methods, and 8-,ul samples were measured in a vapor pressure osmometer (Wescor model 5100; Wescor, Logan, UT). The osmometer was calibrated in the 0 to 100 mOs.kg-' range before and after all measurements.
Osmolality was converted to osmotic pressure (at 20°C) by multiplying the value in Os.kg-' by 24.37 bar.Os`kg.
The FS solution was collected in the first method by forced perfusion of the intercellular air channels with water. In this method, the basal ends of five excised segments were sealed with quick-setting epoxy (Qwik-Stik; GC Electronics, Rockford, IL) into a pressure vessel completely filled with water ( Fig. 1) . The vessel was pressurized using a gas cylinder, and the fluid which exuded from the ends of the segments was collected with a capillary tube. Excision was made under water (so the contents of the cut cells would be immediately released to the water), and the segments were incubated on water for 30 to 40 min on a rotary shaker before being placed in the apparatus. In a variation of this method, intact pea seedlings were sealed with epoxy into the lid of the pressure vessel, such that 4 to 5 cm of the shoot extended outside ofthe vessel (Fig. 1) (6) . Ten segments (2 cm long) were excised from the apical or basal stem regions, and their cuticles were abraded with a slurry of carborundum powder and water. The segments were washed twice to remove the abrasive, blotted dry, incubated in 10 mm unlabeled mannitol for 30 min, then transferred to a 3.5-cm plastic Petri dish containing 5 ml of 10 mM mannitol with 5 ,iCi. ml-' of ['4Cmannitol (New England Nuclear) . The segments were incubated on the radioactive mannitol solution for 120 min with constant agitation on a rotary shaker. After this period, the segments were blotted dry and impaled onto a pair of 30-gauge hypodermic needles. The mounted segments were dipped into water for about 3 s to remove the surface mannitol solution, blotted dry, and submerged into 200 ml ofwater which was stirred continuously. Periodically, 150-pl aliquots were removed from the wash water, placed into 3.0 ml of Aquasol scintillation counting cocktail, and subsequently counted with a liquid scintillation counter (model IS7800; Beckman). When efflux was complete, the segments were blotted dry and weighed. Mannitol diffused out of the segments over a period of about 45 min. The half-time for efflux was 5 to 10 min for the various stem tissues. Less than 1% of the total radioactivity remained in the tissues after washout. The appearance (translucence) of the tissue did not change noticeably during the course of the procedure, indicating that the tissue air spaces did not fill up with water, although partial infiltration cannot be excluded.
The second technique to measure the volume of apoplastic water in stem segments involved measuring the dilution by FS water of a dye solution introduced into the tissue FS by vacuum infiltration. This method requires that the dye not be taken up by the cell or bound to the cell wall. Dyes were initially screened by incubating bisected pea internodes in the dye solution for 10 min, and then looking for complete wash out of the dye into water. Three dyes passed this initial test and, upon further experimentation, Indigo Carmine proved most suitable. To measure the FS water volume, 15 to 20 stem segments (1.5 cm long) were vacuum infiltrated with the dye solution, carefully blotted dry, and centrifuged as described above. Approximately 5 min elapsed between the time of infiltration and the start of centrifugation. This time was the same as that used in extracting FS solutes and was judged sufficient to permit dye equilibration with the surrounding FS solution. A 5-t1 sample of the collected fluid was diluted with 0.5 ml pH 7 buffer. The absorbance of this solution was measured with a Gilford model 250 spectrophotometer (650 nm wavelength). By comparing this absorbance value with a calibrated dilution curve, the dilution of the introduced dye solution by FS water was calculated.
For reproducible results, the stem segments had to be well hydrated by preincubation on water for 20 to 30 min. Preliminary tests showed that, upon vacuum infiltration, water was taken up by the cells of the tissue, concentrating the dye solution which remained in the FS. The amount of this concentration could be estimated from the ratio of air volume measured by water infiltration to the air volume measured by oil infiltration. Applying this correction factor to the original dye solution, one can estimate the dilution of FS solutes from the concentration ofdye in the extract.
Respiration Measurements. To determine whether infiltration of the tissue led to 02 deficiency, 02 uptake by a group of five pea stem segments (1 cm long) was measured, before and after infiltration with water, using a model 53 
RESULTS
Perfusion Method. When water was forced under pressure to flow through young pea internodes (Fig. 1) , the solution which exuded from the free ends contained a solute concentration of about 70 mOs * kg-' (Fig. 2A) . As more volume was forced through the tissue, the osmolality of the exudate decreased to a plateau value of about 40 mOs-kg-'. When the perfusion was halted for 20 min and then restarted, the osmolality of the exudate increased to the initial high value. Continued perfusion reduced the osmolality of the exudate to the 40 mOs * kg-' plateau. A similar pattern was obtained when 1 mm CaSO4 was used for perfusion.
Most of the water forced through the pea tissue by this method appears to flow through the intercellular air spaces in the cortex. This fact was ascertained by microscopic observations under UV light of pea stems perfused with a 0.1% sodium fluorescein solution. During perfusion, the tissue air spaces fill up with fluid, resulting in a translucent appearance of the tissue.
The results from the perfusion procedure, however, were quite variable, apparently due in part to the variation in the size of the air channels. Therefore, the alternative method of infiltration of the air space, followed by removal of the infiltrated solution by centrifugation, was tried. This method offered the potential of calculating the dilution of the FS solution by the infiltrated water. Centrifugation Method. This second technique gave results similar to that obtained by the perfusion method. The first extraction produced a relatively concentrated solution; subsequent extractions yielded progressively more dilute solutions until a plateau was reached (Fig. 2B) . Similar values were obtained whether the stem segments were centrifuged at 150g, 240g, or 470g. Centrifugation at 240g was used routinely in the following experiments, since the volume of liquid obtained was sufficient for one to several osmometer measurements.
The osmolality of the solution extracted by infiltration and centrifugation depended on which region of the stem was used (Table I) . Apical regions yielded solutions about twice as concentrated as did basal regions. This pattern was observed not only in pea internodes, but also in soybean and cucumber hypocotyls (Table I) . These values, it should be noted, are minimum values. If solute efflux from cells is slow, then the extracted solution will have an osmolality which underestimates that of the original FS solution by the proportion of water introduced to the FS by infiltration. Furthermore, if the amount of dilution differed between apical and basal segments, this might explain the observed difference in osmolality of the extracted solutions. Therefore, to estimate the amount of dilution, the volume of air space and of water in the FS of the tissue were measured.
Air and Water FS Volumes. Air space volumes were measured by infiltrating tissues with silicone oil. From the increase in weight, the per cent air space in the various tissues was found to be 1 to 5% of the volume of the stem tissues (Table II) . These values are in agreement with visual estimations made from cross-sections of the stems. Values obtained by infiltration of the tissues with water were always higher than those obtained with oil. Stems which were cut directly from seedlings without allowing the segments a hydration period had very high apparent air space volumes (up to 10%o). Inasmuch as water infiltration will raise the water potential of the FS and, consequently, water will be absorbed by the cells, air space volumes will be overestimated in tissues infiltrated with water.
The volume of FS water was estimated by efflux of labeled mannitol from tissues preequilibrated with ['4CJmannitol . FS water measured by this method occupied about 4% of the tissue volume of pea stems (Table II) . Hence, we can estimate that infiltration of the air spaces with water reduced the original FS concentration about 50%o.
An alternative method, based upon dilution of an infiltrated dye solution, was also used to estimate the FS water volume. This method gave values similar to the radioactive mannitol method (Table II) pressed from the seedling using low root pressures.
We were also concerned that infiltration of the air spaces might cause anaerobiosis, and consequently solute leakage from 02- (Table I) . Nature of FS Solutes. A quantity of FS solution was collected by the centrifugation technique and its electrical conductivity and refractive index was measured before and after ashing. These two physical characteristics, combined with the osmometer measurements, can help to characterize the type of molecules contributing to le'. As shown in Table IV , about 75% of the osmolality and essentially all of the change in refractive index was lost by ashing. Most of the electrical conductivity, in contrast, survived ashing. The simplest, although not the only, interpretation of these data is that 75% of the solutes making up the FS solution are organic nonelectrolytes. The remaining 25% appear to be inorganic electrolytes. From the refractive index and osmolality data, we can say that, on average, the size of the solute contributing to ?" is the same size as a sugar monomer such as glucose (Table IV) .
DISCUSSION
The data presented in this paper point to two important conclusions; first, the apoplast ofyoung stem tissues contains a significant concentration of osmotically active solutes; second, the concentration of these solutes is higher in the growing region of the stem than in the basal nongrowing region. Because similar estimates of 77C`were obtained using three different methods, we deem it unlikely that the the solutes extracted from the stem tissues were artifactually produced by the extraction procedures. Terry and Bonner (24) used an infiltration and centrifugation method, similar to that used here, to extract cell wall polysaccharides from pea stems, and showed that leakage of the cell contents only began at centrifugation forces greater than 3,000g. In our experiment, we routinely spun the segments at 240g. High solute concentrations were also found in our perfusion experiments (Fig. 2A) . The observations that intact pea seedlings (i.e. no cut surfaces) contained 70 mOs. kg-' in their infiltrated wall space (Table I, exp. C), and that FS solutes (but not intracellular solutes) were greatly diminished by previous excision ofthe cotyledons, further supports the conclusion that young stem tissues normally have a significant vCW. Additional evidence to support this conclusion comes from direct turgor pressure measurements of pea cortical cells which implicate a 7TCW of about 3 bars (4, 5) .
Although it has long been suggested that the apoplast of plant tissues contains substantial pools of both organic and inorganic solutes (15) , there have been few quantitative studies. Using an equilibrium perfusion method, Bernstein (1) estimated the {w of cabbage leaves to be 1 to 2 bars. Jacobson (10) extracted extracellular fluid from the leaves of Venus'-flytrap by a centrifugation method, and measured an osmolality of 63 mOs kg-' (sw = 1.5 bar). Steudle et al (22) have proposed that the low turgor pressure measured in Kalanchoe leaf cells might be due to a high malate concentration in the wall space. The presence of carriers for sucrose and other metabolites in the plasmalemma of various leaf, stem, and root tissues implies that the FS contains these solutes, and this is confirmed by washout studies (8, 9, 12) . Furthermore, Satter and her colleagues have documented massive changes in the potassium concentration in the cell walls of the pulvini of nyctinastic leaves (see 18 for review). Unfortunately, no attempt has been made in these studies to relate the changes in absolute potassium concentrations to changes in free potassium levels. Only freely diffusible solutes will have an influence on the FS (16, 17) .
Other indirect evidence for a significant 7CL in plant tissues comes from measurements of the fluid expressed by the pressure bomb technique. Although many studies have assumed that the exudate was very dilute, several (but not all) studies in which the measurements were made have found osmotic pressures in the range of 1 to 3 bars (7, 11, 19, 27 (17) . This problem has been recognized by some investigators (2, 27 In the second physical state, A, falls below-srcw (say, by transpirational water loss). In the wall space, this entails the development of a tension (negative hydrostatic pressure) in the FS water. Concomitantly, water will flow through the tissue and the rate of flow will be governed by the real hydraulic resistance of the pathway for water flow, which is determined by the combined cell-to-cell and cell wall pathways for water flow (14) . Standing 
